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1. PURPOSE

One likely failure mechanism for titanium and its alloys under waste disposal conditions is via
the absorption of atomic hydrogen in the metal crystal lattice. Decreased ductility and fracture
toughness results in brittle mechanical fracture by hydrogen-induced cracking (HIC) also called
hydrogen embrittlement.

The purpose of the scientific analysis is to account for the HIC effects on the drip shield (DS).
This Analyses and Models Report (AMR) serves as a feed to the Waste Package Degradation
(WPD) Process Model Report (PMR) and was developed in accordance with the activity section
“Hydrogen Induced Cracking of Drip Shield” of the development plan entitled Analysis and
Model Reports to Support Waste Package PMR (CRWMS M&O 1999f).

Titanium Grade 7 (Ti-7) (UNS R52400) is now favored for construction of the drip shield for the
waste package due to its excellent corrosion resistance (CRWMS M&O 2000a, p. 10). This
alloy consists of 0.3% Fe, 0.25% O, 0.12-0.25% Pd, 0.1% C, 0.03% N, 0.015% H, 0.4% total
residuals with the balance being Ti (CRWMS M&O 1999d, p. 45). Other titanium alloys that
will be discussed in this report include Ti-2, Ti-12, and Ti-16. Ti-2 is essentially commercially
pure titanium. It is believed that the most effective way of reducing hydrogen absorption is to
choose a more crevice resistant alloy (Shoesmith et al. 1997, p. 15). This improvement in
resistance to crevice corrosion can be attributed to the addition of alloying elements, which
reinforce passivity. Therefore, susceptibility to crevice corrosion is eliminated through the
alloying series Ti-2 - Ti-12 - Ti-16 (Shoesmith et al. 1997, p. 15). The major additions are Ni
(0.6-0.9%) for Ti-12 and Pd (0.04-0.08%) for Ti-16 (CRWMS M&O 1999d, pp. 49, 51). A
decrease in the corrosion rate by the addition of a noble metal such as Pd in Ti-16 is noted in
Shoesmith et al. (1997, p. 21). The composition of Ti-7 is almost identical to that of Ti-16, but
the Pd content is higher in Ti-7 (0.12-0.25%) than in Ti-16 (0.04-0.08%) (CRWMS M&O
1999d, pp. 45, 51). The similarity between Ti-7 and Ti-16 was also noted by CRWMS M&O
(2000a, p. 48).

The DS will experience a wide range of conditions during its service life (CRWMS M&O 2000a,
p. 10). Initially, the underlying high-level waste packages will be relatively hot, and DS surfaces
will be dry due to the heat generated from radioactive decay. The temperature will eventually
drop to levels where both humid air and aqueous phase corrosion will be possible. Crevice
corrosion and slow general passive corrosion will produce hydrogen, which can be absorbed into
the metal.

HIC of the DS is key to one of the most important principal factors in repository performance—
the premature failure of the DS. This AMR proposes a realistic model to account for the
degradation of the DS due to the effects of HIC, based upon data generated by the project. The
model will follow the approach of Shoesmith et al. (1997).
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2. QUALITY ASSURANCE

The Quality Assurance (QA) program applies to this analysis. All types of waste packages
(WPs) were classified (per QAP-2-3) as Quality Level-1. CRWMS M&O (1999a, p. 7) in
Classification of the MGR Uncanistered Spent Nuclear Fuel Disposal Container System is cited
as an example of a WP type. The development of this analysis is conducted under activity
evaluation //01213PM7 Waste Package Analysis & Models - PMR (CRWMS M&O 1999¢),
which was prepared per QAP-2-0. The results of that evaluation were that the activity is subject
to the Quality Assurance Requirements and Description (DOE 2000) requirements.

3. COMPUTER SOFTWARE AND MODEL USAGE

No computer software or models have been used to support the development of the analysis
activities described in this AMR.

4. INPUTS
4.1 DATA AND PARAMETERS
The following input data and/or parameters are obtained from Shoesmith et al. (1997, pp. 7-11):
Hc = critical hydrogen concentration.
The following input data and/or parameters are obtained from Shoesmith et al. (1997, p. 19):
Ry = passive general corrosion rate.
The following input data and/or parameters are obtained from Shoesmith et al. (1997, p. 22):
f, = fraction of absorption efficiency.
The following input data and/or parameters are obtained from Weast and Astle (1978, p. B-177):
pri = density of titanium
Mr; = Molecular weight of titanium
Pox = density of titanium oxides
Mox = Molecular weight of titanium oxides.

The following input data and/or parameters for Ti-7 are obtained from CRWMS M&O (2000a,
pp. 38-41):

Ecorr = the open circuit corrosion potential

E.riticat = the threshold potential for breakdown of the passive film.
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The following input data and/or parameters for Ti-7 are obtained from CRWMS M&O (2000a, p.
58):

Ry = passive general corrosion rate (50th percentile, 90" percentile and maximum).
All of these input data and parameters will be used to evaluate the HIC effects on the DS.
4.2 CRITERIA

The DS is intended to protect the WP, thereby prolonging WP life. Therefore, the DS must help
meet criteria specific to the WP.

In addition to the criteria specifically relevant to the WP, criteria for the DS have now been
developed. = Emplacement Drift System Description Document (SDD-EDS-SE-000001)
(CRWMS M&O 2000b), Design Criteria 1.2.1.12 and 1.2.1.18, in the emplacement drift SDD
(pp. 10-11), which uses 10 CFR 63 and EDA II as its framework, appear to be the best
candidates in supporting this analysis.

The criterion 1.2.1.12 states:
“The drip shield shall have an operating life of 10,000 years.”
The criterion 1.2.1.18 states:

“The drip shield material shall be Grade 7 Titanium, a minimum of 15-mm thick at the
time of emplacement.”

These criteria are needed to ensure that the drip shield is designed with an operating life long
enough to achieve the functions allocated to it.

4.3 CODES AND STANDARDS

No codes or standards were used to perform the analysis for this AMR.
5. ASSUMPTIONS

The following assumptions are for the HIC model of this AMR:

5.1 Due to the close similarity in chemical composition between Ti-7 and Ti-16, available
material properties data for Ti-16 are assumed to be applicable to Ti-7 if the said material
properties data are not available for Ti-7. This assumption is used in Sections 6.1 and 6.2.

5.2 The Hc value for Ti-7 is assumed to be at least 400 pg/g. The rationale for this assumption
is that 400 pg/g is the lower bound value observed for other similar titanium alloys (e.g.,
Ti-2 and Ti-12) by Shoesmith et al. (1997, pp. 7-11). H¢ data are not available for Ti-7.
This assumption is used in Subsections 6.1.3 and 6.2.2.
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5.3 Corrosion is the only feasible source of hydrogen for absorption (Shoesmith et al. 1997, p.
15). The rationale for this assumption is that the direct absorption of radiolytically
produced hydrogen is insignificant except at high dose rate (> 10° Gy/h) and high
temperature (> 150°C), clearly unattainable under Yucca Mountain DS conditions. This
assumption is used in Subsections 6.1.4 and 6.1.5.

5.4 The film growth rate and, hence, the corrosion rate are assumed to be constant in time for
the formula used to calculate the concentration of hydrogen in the metal (Shoesmith et al.
1997, p. 22). The rationale for this assumption is that the assumption of constant corrosion
rate is conservative and less conservative corrosion models assume that the rate decays
with time (CRWMS M&O 2000a, p. 48). This assumption is used in Subsections 6.1.5 and
6.2.3.
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6. ANALYSIS/MODEL
6.1 DESCRIPTION OF MODEL FOR HYDROGEN INDUCED CRACKING
6.1.1 Introduction

The DS will experience a wide range of conditions during its service life (CRWMS M&O 2000a,
p. 10). Initially, the underlying high-level waste packages will be relatively hot, and DS surfaces
will be dry due to the heat generated from radioactive decay. The temperature will eventually
drop to levels where both humid air and aqueous phase corrosion will be possible. Crevice
corrosion and slow general passive corrosion may be initiated and propagate in the metal. Both
types of corrosion will produce hydrogen, which can be absorbed into the metal (Shoesmith et al.
1997, p. 2).

Failure occurs if (1) the wall penetration by corrosion exceeds the corrosion allowance or (2) the
amount of hydrogen absorbed exceeds the critical hydrogen concentration, Hc, for failure due to
hydrogen induced cracking. The first type of failure mechanism, i.e., wall penetration by crevice
and general corrosion, is treated in another AMR (CRWMS M&O 2000a). This AMR deals with
the failure mechanism associated with HIC.

HIC (also called hydrogen embrittlement) is characterized by decreased fracture toughness or
ductility of the metal due to absorbed atomic hydrogen. The usual mechanical failure mode for a
ductile material is the ductile tearing observed during slow crack growth. Decreased fracture
toughness causes fast crack growth (brittle fracture) of a normally ductile material under
sustained load. During slow crack growth, material will fail as the stress intensity factor K
reaches a value Ks. During fast crack growth, the same material will fail as the stress intensity
factor K reaches a value Ky, which is less than Kg (Shoesmith et al. 1997). Figure 1 (from
Shoesmith et al. 1997, page 9, Figure 7) represents, schematically, the combinations of stress
intensity factor and hydrogen concentration leading to (1) fast crack growth (brittle fracture)
controlled by Ky, (2) slow crack growth controlled by Ks due to either sustained load cracking or
ductile rupture, or (3) no failure.

An approach has been adopted to predict when HIC might become a potential failure process for
the DS, following a Canadian precedent (Shoesmith et al. 1997). The basic premise of the model
is that failure will occur once the hydrogen content exceeds a certain limit or critical value.

This report will address:

e Processes by which Ti-7 can absorb hydrogen and, hence, eventually become
susceptible to HIC

e Analysis procedures for predicting the consequences of hydrogen absorption
e Acquisition of input data for the analysis parameters

e Results.
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NOTE: Shoesmith et al. (1997)

Figure 1.  Schematic Showing the Combinations of Stress Intensity Factor and Hydrogen Concentration
Leading either to Fast Crack Growth (Brittle Failures) or Slow Crack Growth Due to either
Sustained Load Cracking or Ductile Rupture or to No Failure

6.1.2 Processes by which Hydrogen is Absorbed

Both crevice corrosion and general passive corrosion will be accompanied by hydrogen
production and, hence, possibly by the absorption of hydrogen into the metal.

For crevice corrosion the hydrolysis of dissolved metal cations leads to acidification within the
occluded area and the development of active conditions in which the metal is unprotected by an
oxide film. Once initiated, crevice corrosion is supported by both the reduction of oxygen on
passive surfaces external to the crevice and the reduction of protons (Ti + 4H" — Ti"" + 2H,) on
exposed metal surfaces inside the crevice. The latter process can lead to the absorption of atomic
hydrogen into the metal in sufficient quantities to produce extensive hydride formation
(Shoesmith et al. 1997, Figure 3, p. 4).
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For the passive non-creviced or the repassivated crevice conditions expected to prevail, the
corrosion of the titanium alloy will be sustained by reaction with water under neutral conditions
(Ti+2H,0 - TiO, +2H,) and will proceed at an extremely slow rate. This process will

generate hydrogen, which must pass through the TiO; film before absorption in the underlying Ti
alloy can produce HIC. Redox transformations (Ti' -> Ti"") in the film are required before the
oxide becomes significantly transparent to hydrogen. Significant cathodic polarization of the
metal (generally only achievable by galvanic coupling to carbon steel or the application of a
cathodic protection potential) is required for these transformations to occur. Measurements of
absorbed hydrogen suggest a threshold potential of —0.6 V versus saturated calomel electrode
(SCE) above which no absorption occurs (Shoesmith et al. 1997, p. 4). Only impressed current
cathodic protection or galvanic coupling to active alloys of Fe, Zn, or Mg could readily produce
such active potential. Thus, hydrogen generation rates are expected to be very low on Ti alloy
surfaces.

6.1.3 Critical Hydrogen Concentration, Hc

Provided that wall penetration by corrosion does not exceed the corrosion allowance, HIC failure
is assumed to occur when the material has absorbed enough hydrogen to exceed the critical
hydrogen content, Hc. Observations regarding the critical hydrogen content, Hc, for Ti-2 and
Ti-12 (Shoesmith et al. 1997, pp. 7-11) are summarized as follows:

Using the slow strain rate technique on precracked compact tension specimens precharged with
known amounts of hydrogen, it has been shown that the fracture toughness of Ti-2 and Ti-12 is
not significantly affected until hydrogen content exceeds Hc. Once above Hc, there is no slow
crack growth, and only fast crack growth is observed.

Hc is sensitive to the microstructure and texture of the material with respect to the orientation of
the crack and the applied stress. Preferential pathways for cracking are formed along [3-phase
stringers introduced through the manufacturing process. An Hc of 500 pg/g has been measured
in Ti-12 containing cracks propagating in the directions defined by these stringers. Crack
propagation perpendicular to these features in not observed up to He = 2000 pg/g. Heat
treatment to remove this laminar structure by randomly reorienting the residual [3-phase can lead
to a decrease in Hc to [400 pg/g.

Even for manufactured plate materials that do not have high 3-phase content, e.g., Ti-2, the
laminar structure introduced by rolling appears to dominate the cracking behavior. As a
consequence, depending on crack orientation, Hc¢ varies between [400 and 1000 pg/g. Since Till
2 does not contain as much [-phase as Ti-12, heat treatment does not exert a significant
influence on He. Welding produces a larger change in the microstructure than does heat
treatment. The high weld temperature results in significant microstructural changes in the
weldment. This results in a small decrease in strength. The heat affected zone does not appear
to be sufficiently large to influence the cracking behavior because, for both Ti-2 and Ti-12, Hc is
slightly decreased near the weld metal compared to the base metal. It did not decrease below
500 pg/g.
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It can also be assumed that failure is less likely at elevated temperature. The assumption is
justified, in part, by recognizing that the hydrogen solubility would be higher at elevated
temperature. Experimental results indicated that the value of Hc¢ increases with increasing
temperature. A conservative value of Hc = 500 pg/g can be adopted as the critical hydrogen
concentration in rolled plate material for predicting container lifetime.

Hc data are not available for Ti-7. The H¢ value for Ti-7 is assumed to be at least 400 pg/g,
which is the lower bound value observed for Ti-2 and Ti-12 as indicated previously. This
assumption appears to be extremely conservative based on data reported by lkeda and Quinn
(1998, p. 7), which indicated that the Hc value for Ti-16 is between 1000 and 2000 pg/g. As
noted in Section 1, Ti-7 and Ti-16 are similar alloys because of their similar chemical
compositions.

6.1.4 Hydrogen Absorption During Crevice Corrosion

Crevice corrosion, if it initiates, will propagate at a rate much higher than that of general
corrosion. Crevice propagation, as mentioned in Section 6.1.1, can lead to failure by wall
penetration as well as failure due to HIC because of hydrogen transported into the metal.

The most effective way to reduce hydrogen absorption is to choose a more crevice corrosion
resistant alloy (Shoesmith et al. 1997, p. 15). Improvements in resistance to crevice corrosion
have been attributed to alloying elements, which reinforce passivity. Susceptibility to crevice
corrosion is eliminated through the alloying series Ti-2 - Ti-12 - Ti-16 (Shoesmith et al. 1997,
p. 15). In accordance with CRWMS M&O (1999d, pp. 49, 51), the major additions are Mo (0.2-
0.4%) and Ni (0.6-0.9%) for Ti-12 and Pd (0.04-0.08%) for Ti-16. Decreased crevice corrosion
rate by adding alloying elements such as Mo and Ni in Ti-12 and Pd in Ti-16 is noted in
Shoesmith et al. (1997, Figure 12, p. 16). The effect of deliberate alloying of Ti-12 with Ni and
Mo, which segregate at grain boundaries and intermetallics, is to improve the susceptibility to
crevice corrosion from repassivation after some crevice corrosion in Ti-2 to repassivation after
minor crevice corrosion damage in Ti-12. The effect of adding Pd to ennoble titanium while
avoiding segregation in Ti-16 is to further improve the susceptibility to crevice corrosion from
repassivation after minor crevice corrosion in Ti-12 to no crevice corrosion damage in Ti-16. It
can be seen from CRWMS M&O (1999d, pp. 45, 51) that the composition of Ti-7 is almost
identical to that of Ti-16, but the Pd content is even higher in Ti-7 (0.12-0.25%) than in Ti-16
(0.04-0.08%). Therefore, Ti-7, like Ti-16, is not expected to suffer any crevice damage.

Crevice corrosion is one form of localized corrosion of a metal surface (ASM 1987, p. 4). The
localized corrosion model developed by CRWMS M&O (2000a, p. 34) for Ti-7 DS assumes that
localized attack occurs only if the open circuit corrosion potential, E., exceeds the threshold
potential for breakdown of the passive film, Eica;.  Experimental measurements reported by
CRWMS M&O (2000a, pp. 38-41) for Ecor and Egiticat Were obtained from various test
environments expected in the repository. These test environments include simulated dilute water
(SDW), simulated concentrated water (SCW), and simulated acidic concentrated water (SAW) at
30, 60, and 90°C, as well as simulated saturated water (SSW) at 100 and 120°C. SCW is about
one thousand times more concentrated than J-13 well water and is slightly alkaline (pH [&)
SAW is about one thousand times more concentrated than J-13 well water and is acidic
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(pH[2T7). J-13 well water (Harrar et al. 1990) is the groundwater at some distance from Yucca
Mountain. The experimental measurements show that the threshold Ejisical i consistently greater
than E.or. CRWMS M&O (2000a, Table 5, p. 41) indicated that the difference, Ecritical - Ecorrs
falls in the range from 500 mV to 1650 mV for the various test environments of SDW, SCW,
SAW, and SSW at temperature from 20°150°C.

It is, therefore, concluded that hydrogen absorption during crevice corrosion may be ignored in
the HIC model.

6.1.5 Hydrogen Absorption During General Passive Corrosion

According to Shoesmith et al. (1997, p. 15), there are two processes by which hydrogen could be
produced, and possibly absorbed, under passive conditions: (1) direct absorption of hydrogen
produced by water radiolysis and (2) absorption of atomic hydrogen produced by the corrosion
process to produce oxide. The direct absorption of radiolytically produced hydrogen does not
appear to be significant except at high dose rate (> 10* Gy/h) and high temperature (> 150°C)
(Shoesmith et al. 1997, p. 16). This condition is clearly unattainable under Yucca Mountain DS
conditions and will not be considered, leaving the corrosion process as the only feasible source
of hydrogen for absorption.

Under anoxic conditions, when passive corrosion should prevail, the corrosion potential for
passive titanium must reside at a value at which water reduction can couple to titanium
oxidation,

Ti+2H,0 - TiO, +2H,

and, hence, must be at, or more negative than, the thermodynamic stability line for water. At
such potentials, titanium hydrides are thermodynamically stable with respect to the metal.
Consequently the passive film can be considered only as a transport barrier and not as an
absolute barrier. The rate of hydrogen absorption at the corrosion potential will be controlled by
the rate of the corrosion reaction, which dictates the rate of production of absorbable hydrogen.
Since titanium oxide, TiO, is extremely stable and protective in the DS environment, the
corrosion reaction will be effectively limited to an oxide film growth reaction.

While the rate of hydrogen production and, hence, absorption may be assumed directly
proportional to the rate of film growth, the fraction of hydrogen absorption needs to be

determined. Based on available test data, Shoesmith et al. (1997, p. 22), suggests the use of 0.1

and 0.02 for fractional efficiency for absorption values, f,, to represent high and low hydrogen

absorption efficiencies for titanium alloys. The low value would appear most appropriate for Til|
2 since the passive film is a good transport barrier to hydrogen absorption. For Ti-12, since Ni,

in either Ti;Ni intermetallics or in (3 phase, is present, the higher value would be more

conservative. For Ti-16 in which intermetallic formation is avoided, the lower value is

appropriate. The lower value should also be used for Ti-7 because of the similarity in chemical

composition between Ti-7 and Ti-16.
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Based on a constant film growth rate and, hence, the corrosion rate, Shoesmith et al. (1997, p.
22) indicated that the concentration of hydrogen in the metal, Hy, in g/mm’ can be calculated as
a function of time of emplacement (t in years) from the expression:

Hp = 4(pri /10°)fR yet[Mpi(dg - Ryet)] ™! (Eq. 1)
where

H , = hydrogen content (g/mm”)

p1; = density of Ti (g/cm3) =4.5 (Weast and Astle 1978, p. B-177)
f}, = fractional efficiency for absorption
R . = rate of general passive corrosion (mm/a)
t = time of emplacement in years (a)
Mr; = atomic mass of Ti = 47.9 (Weast and Astle 1978, p. B-177)
d, = original corrosion allowance (mm) = container wall thickness
The fractional efficiency for absorption, based on previous discussion, is f;, = 0.02 for Ti-7.

Considering a Ti-7 plate with 1 mm? surface area, it is noted in Equation 1 that: (1) hydrogen in
grams produced by the general corrosion after t years of emplacement is 4(pr;/ 10° )Rt/ M

based on the reaction Ti+2H,0 - TiO, +2H,; (2) multiplication by the factor f; converts the
produced hydrogen into absorbed hydrogen; and (3) the remaining volume of Ti-7 alloy in mm’
is presented by (d0 —Ruct). The derivation of Equation 1 is based on a constant general

corrosion rate. It was noted by CRWMS M&O (2000a, p. 48) that the assumption of constant
corrosion rate is conservative and less conservative corrosion cases assume that the rate decays
with time.

Using the relationship H (Ug of H/g of Ti) = H (g of H/mm® of Ti)(1000/(10°%/pr;), Equation 1
can be rewritten for Hu in pg/g as follows:

Hp = 4X106thuct[MTi (do - Ruct)]_1 (Eq. 2)
where

H o = hydrogen content (Hg/g)
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The rate of general passive corrosion, R, can be calculated from the rate of oxide film

thickness, Ry by the following formula:

Ruc = Rox (pox /Mox )(pTi /MTi )_1 (EQ- 3)

where
Pox = density of the oxide in g/cm3

M,y = molecular mass of the oxide

since the value of ( ox/Mox)(pTi/ MTi)_lis always greater than unity, it is conservative to
Rox -

assume that R, =

Three values are given by Shoesmith et al. (1997, p. 19) for the oxide film growth rate (and,
hence, the general corrosion rate), i.e., 0.44 nm/a, 3.3 nm/a, and 1.1 nm/a. The rate given by
0.44 nm/a is considered the most likely value for both Ti-12 and Ti-16; the rate 3.3 nm/a
represents a conservative maximum for Ti-12; and the rate 1.1 nm/a is the maximum for Ti-16.

Higher general corrosion rates for Ti-7, however, have been reported by CRWMS M&O (2000a,
p. 58). The rate at the 50" percentile is approximately 25nm/a; the rate at the 90"™ percentile is
approximately 100 nm/a; and the maximum rate is less than 350 nm/a.

6.2 APPLICATION OF HIC MODEL TO DRIP SHIELD
6.2.1 Material

Titanium Grade 7 (Ti-7) (UNS R52400) is now being considered for construction of the DS for
the WP. As indicated in Section 1, this alloy consists of 0.3% Fe, 0.25% O, 0.12-0.25% Pd,
0.1% C, 0.03% N, 0.015% H, and 0.4% total residuals with the balance being Ti.

Both crevice corrosion and general passive corrosion will be accompanied by hydrogen
production and, hence, possibly by the absorption of hydrogen into the metal. It has been
concluded in Section 6.1.4 that hydrogen absorption during crevice corrosion will not be
considered in the HIC model since crevice corrosion is essentially eliminated for Ti-7.

General corrosion rates for Ti-16 reported by CRWMS M&O (2000a, p. 59) indicated that the
rate at the 50" percentile is approximately 25nm/a (or 25x10°® mm/a); the rate at the 90"
percentile is approximately 100 nm/a (or 100x10°® mm/a); and the maximum rate is less than 350
nm/a.

6.2.2 Determination of the Critical Hydrogen Concentration, Hc

As discussed in Section 6.1.3, Shoesmith et al. (1997, p. 11), concluded that a conservative value
of Hc = 500 pg/g can be adopted as the critical hydrogen concentration in rolled plate material
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using Ti-2 and Ti-12 for predicting container lifetime. The lowest H¢ value observed for Ti-2
and Ti-12 is [400 pg/g. Ikeda and Quinn (1998) indicated that Hc for Ti-16 is at least 1000 pg/g
and may be much greater.

H¢ data are not available for Ti-7. The H¢ value for Ti-7 is assumed to be at least 400 pg/g,
which is the lower bound value observed for Ti-2 and Ti-12 as indicated previously. This
assumption appears to be extremely conservative based on data reported by lkeda and Quinn
(1998) for Ti-16. As noted in Section 1, Ti-7 and Ti-16 are similar alloys because of their
similar chemical compositions.

6.2.3 Determination of Hydrogen Concentration

Based on Equation 2, the hydrogen concentration in the metal can be rewritten as follows:
Hp = 4x10°f,R o tMrpi (dg = Rye0)] !
where
H o = hydrogen content (Hg/g)
Pt; = density of Tiin g/cm3 = 4.5 (Weast and Astle 1978, p. B-177)
f}, = fractional efficiency for absorption
R . = rate of general passive corrosion (mm/a)
t = time of emplacement in years (a)
Mr; = atomic mass of Ti = 47.9 (Weast and Astle 1978, p. B-177)
d, = original corrosion allowance (mm) = container wall thickness

The fractional efficiency for absorption, based on previous discussion, is f;, = 0.02 for Ti-7. The
rate of general passive corrosion is R .= 100x10° mm/a (90th percentile value) or 25x10°

mm/a (50th percentile value) based on Section 6.2.1. The time of employment is t = 10,000
years. A minimum wall thickness of 15 mm is assumed for d,.

Case 1: Conservative Estimate

R,y =100x10°mm/a (90" percentile valuc)
fi, =0.02

d, =15mm
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t =10000a
From Equation 2, Hy =119 pg/g <H.=400 pg/g.

Case 2: Best Estimate

Ry =25x10%mm/a (50" percentile value)

fy, =0.02
d, =15mm
t =10000a

From Equation (2), Hp =28 pg/g <H.=400 pg/g.
6.2.4 Results

The analytical estimate presented in Section 6.2.3 based on Equation 2 indicated that there exists
a big margin of safety for the drip shield against the effects of HIC. The hydrogen concentration
in the DS at 10,000 years after emplacement is 119 ug/g resulting from a conservative estimate
and 28 pg/g from a best estimate. The estimated hydrogen concentration in either case is less
than the critical hydrogen concentration of 400 pg/g for Ti-7.

6.2.5 Model Validation

Model validation has been accomplished following guidelines cited in ASTM procedure C 1174,
1997 (sections 19.3 and 20.4). According to ASTM C 1174 (section 20.4.3.1) validation of
model means the model can account for all available data. In this AMR, data obtained in the
laboratory for the Yucca Mountain Site Characterization Project along with published data
available from the open scientific literature have been used to fit into well-known mathematical
models to predict hydrogen induced corrosion behavior (e.g., corrosion rates, hydrogen
concentration, etc.) of the proposed DS material (i.e., Ti-7). The model predicted values showed
excellent agreement with the experimental data obtained by short-term laboratory tests.
Additional data that are being collected will help improve the level of confidence in the model.
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7. CONCLUSIONS

A simple and conservative model has been developed to evaluate the effects of hydrogen induced
cracking on the drip shield. The basic premise of the model is that failure will occur once the
hydrogen content exceeds a certain limit or critical value, Hc. Quantitative evaluation based on
the HIC model described in Section 6.1 indicates that the drip shield material (Ti-7) is able to
sustain the effects of HIC.

The quantitative evaluation includes analytical estimates presented in Section 6.2.3 based on
Equation 2, indicating that there exists a big margin of safety for the drip shield against the
effects of HIC. The hydrogen concentration in the DS at 10,000 years after emplacement is 119
Mg/g resulting from a conservative estimate and 28 pg/g from a best estimate. The estimated
hydrogen concentration in either case is less than the critical hydrogen concentration of 400 pg/g
for Ti-7, a conservative value based on Section 6.1.3.

Model validation in this AMR was accomplished using short term data available to date.
Additional data that are being collected will help improve the level of confidence in the model.

This document may be affected by technical product input information that requires
confirmation. Any changes to the document that may occur as a result of completing the
confirmation activities will be reflected in subsequent revisions. The status of the input
information quality may be confirmed by review of the Document Input Reference System
database.
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